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PREFACE

The information presented in this Memorandum was prepared origi-

nally as an aid in a study of low-alLitude defense against ballistic

missiles for the Advanced Research Projects Agency. This compilation

of data is being published because of its general usefulness in both

defense studies and ballistic-missile design.,,-

SUMMARY

Basic trajectory data during re-entry are presented for a series

of re-entry vehicles with ballistic coefficients ranging from 300 to

3000 lb/sq ft. Re-entry flight-path angles were varied from 10 to

.60 deg, with re-entry velocities corresponding to a nominal ballistic

range of 5500 n mi. In addition to the usual trajectory parameters,

a number of other variables particularly useful in studies of, low-

altitude interception systems are presented.

S•d.



., . • .. " - ---...• . .... , . ... . .... -
5

;• . , ~ --

z, , -. l 17

I. INTRODUCTION

In the course of design studies on the s ubjed t of low-altitude

",_'idefense against ballistic missiles, it has become apparent that a

Ttompilation of detailed, accurate information on the re-entry tra-

.,c-j4ptories of the target would be very useful. These data'are of

Lsmzsis-tance in estimating interception loci, cormnitment loci, miss

fi,'ý.,,stance, -etc. Because of the nature of the pr.obilem, the information

- ' required for low altitudes where approximazerýmiults are 'invalid,-

*r,:-andl for ranges of variables for which very littleý information has been

published. Unfortunately* the number of variables, of interest, as

- well as the number' of independent, parameters, is quite large, leading

-,t±o an unwieldy volume of 6.taif all coinceivab-le cases of. interest

i a.r,-a.e covered. - - - -

Several attempts we-. made t6• reduce the number of variables by

plotting the data in the parametr.i forms suggested by the approximate

theories. None of these w&re.suchessful, either because the paramet-

ric forms were too complimeated to: be of use, or because the exact re-
sults were not correlated well enough by the app'toximate theoretical

- parame.ters. Consequently, it* was necessary to limit the ranges of

iz,-a variables to those values %of imnmediate interest -to current defense

studies. ,

The graphs presented in this Memorandum cover only those combi-

nations of re-entry velocity and re-entry angle that correspond to

a ballistic missile with a nominal range of 5500 n mi, the re-entry

.. conditions being specified at an altitude of 400,000 ft. The re-entry

vehicle itself is chardbterized by the ballistic coefficient, which

has been varied over a range of values that is typical for most

- "" . present and planned re-entry vehicle designs.

*" - The data have been presented in as simple and straightforward a

graphical form as possible, in order to allow direct reading of most

variables and to reduce the labor of cross-plotting, interpolating,

etc. Due to the wide variations in some of the variables, it was

impossible to maintain identical scales on all of the graphs and still



provide accurate, readable results. Because-of this the reader is

warned against making visual comparisons of one -hart with 'another.

Swithout carefully consulting the scales.,.

Ii. M•EHOD OF ANALYSIS

The calculations of the re-entry trajectories were made with a
3n digital-computer program that simulates mathematically the motion of

.a body (considered to be a point mass) about the earth. For the

-en present purposes, the earth was considered to be nonrotating and

spherical, with a radius of 3440 n mi. The 1959 ARDC Model Atmosphere
1_1g was used to proviae atmospheric properties.*

Calculations for all of the re-entry trajectories were begun at

an altitude of 400,000. ft, since this altitude was well above that

Yfor the appearance of appreciable aerodynamic forces for the types

tate of re-entry vehicles considered here. The re-entry angle (measured

from the local horizontal) at 400,000• ft was chosen arbitrarily over

*e- a range of angles-from 10 to 60 deg. The corresponding re-entry velo-

Scities were then determined from the basic equations for vacuum bal-

listic trajectories. These values are meant to be representative,

not precise. Precise velocities would depend upon the details of

the trajectory durirg the boost phase of flight, and thus would be

slightly different for each ICBM design. The following pairs of re-

entry angles and re-#entry velocities were used in this study..
Y

ntry. Re-entry Re-entry
h Angle (deg) Velocity (ft/spc)

10 . ... ...... 24,300. . . 2

20 ....... .. 23,900
30 . . . . .... 24,000
40 25,200 -

50 o ... . . . . . . . 27,300

•Minzner, R. A., K.S.W. Champion, and H. L. Pond, The ARDC Model

still Atmosphere. 1959, Air Force Cambridge Research Center, AFCRC-TR-59r-
267A August 1959.

. ' - ",•1-
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The physical characteristics of the re-entry vehicle are repre-

sented by the ballistic coefficient, which is defined as the ratio

S.... of the weight of the re-entry body to the product of its hypersonic

drag coefficient and its frontal area •/CDA). Since the re-entry

body is assumed to be a point mass in the present calculations, and

since lift forces are assumed to be Zero, no other characteristics

need be specified. A series of ballistic coefficients has been chosen

:for the present compilation• varying from •300 i•to 3000 Ib/sq ft. •ne

specific values of ballistic coefficient were chosen in uniform in-

crements of 500 ibisq ft, ranging from 500 to 3000 ib/sq ft, with

S.... .... .. two extra values being selected at 300 and 800 !b/sq ft in order to

cover adequately the lower end of the range.•

I!I, PRES•EENTATION OF DAqA

Detailed graphs of the important variables are presented in the

Appendix for the complete series of re-entry trajectories.

The wide variation in the shapes of the re-entry trajectories is

shown in Figs. I through 6, where ground range is plotted against

altitude for all of the cases considered. Even more important for

the present application are the differences in time required for the

descent. The time to impact is shown as a function of altitude for
sc•ne selected values of re-entry flight-path a•le and ballistic co-

efficien[ in Fig. 7°

The deceleration characteristics of the re-entry vehidle may

have an important influence upon the design of the guidance and

• maneuvering equipment for a low-altitude interception system• and

upon •e method used for a kill mechanism. Profiles of the axial

•• acceleration (i.e., the drag deceleration) as a function of altitude

••,•,' are shown in Figs. 8 through 13 for all of the re-entry trajectories,

|• •':•:-I, and the altitude for maximum deceleration is presented in Fi•. I• as

•.,•.•-. •. •,..'•!, a function of ba•!istic coefficient and re-entry .angle.

S.•. •.•?,•.• The location of the interception point of the incoming re-entry

•• vehicle can be defined by specifying the s•iortest acceptable slant

range• from the point o£ 'impact. With this •l-ant range established;

. , : , , : . , , '. . :. .,.



*-the performance of the interceptor vehicle will determine the time

of flight from launch (or commitment) of the interceptor until inter-'

ception of the re-entry body. If the slant range at interception

and the interceptor time of flight are specified arbitrarily, then

-the position of the re-entry vehicle at the tme of launch of the

interceptor can be determined for the various re-entry trajectories.

)sen The locus of these positions for a given re-entry vehicle and given

interception parameters has been called the commitment locus. Some

examples of commitment loci for a re-entry vehicle with a ballistic

coefficient of 1000 lb/sq ft are shown in Fig. 15. Other comiitment.

loc.i -for different values of the governing parameters can be generated

quite easily from the data presented in the Appendix,.

Interpolation for other values of ballistic coefficient should

prove to be relatively easy from the data presented in this Memorandum,

since the range of values and the increnents used have been selected
with this in mind. Interpolation or cross-plotting for intermediate

values of the re-entry angle is also rather easily accomplished, but

it must be remembered that the re-entry velocity varies with re-entry

angle as shown in the text on page I so as to keep the nominal total

range equal to 5500 n mi. In other words, re-entry angle and velocity

cannot be varied independently with the datar presented here.
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